Abstract. Glucocorticoids (GCs) such as dexamethasone (DEX) have been widely used as co-medication in cancer therapy because they have potent proapoptotic properties in lymphoid cells, can reduce nausea, and alleviate acute toxic effects in healthy tissue. However, GCs are used in a supportive-care role, even though no prospective clinical studies have assessed the effect of these steroids on the growth of solid tumours. Data from preclinical and, to some extent, clinical studies, suggest that GCs induce treatment resistance in some solid tumours. Since it is unknown whether GC-induced resistance occurs only occasionally or is a more common phenomenon, we performed a screening study using several established cell lines from bone, brain, breast and cervix carcinoma as well as melanoma and neuroblastoma together with fresh surgical resections from patients with breast cancer. We found that DEX inhibits cisplatin and 5-fluorouracil-induced apoptosis and promotes the growth of the majority of examined malignant cells. In contrast, and as expected, DEX acted pro-apoptotically and promoted the cytotoxic effect of chemotherapy in established and primary lymphoid cells. Thus, these data demonstrate the need for detailed molecular studies to clarify the mechanism of differential glucocorticoid signaling as well as controlled, prospective clinical studies.
Introduction
For nearly 50 years, physicians have relied on glucocorticoids (GCs), steroid hormones usually secreted by the body in response to stress, to treat several types of cancer. GCs can kill cancerous lymphoid cells, and are thus important for treatment of malignant hematological diseases (1) . These hormones are also widely used in combination with chemotherapy and radiation of patients with solid tumours due to several other beneficial effects. Thus, GCs reduce nausea and emesis, protect healthy tissue from cytotoxic side-effects, and presumably reduce tissue reactions such as inflammation against invasive malignant growth (2,3).
Due to these multiple benefits, GCs are widely used as co-medication in cancer therapy of lymphoid and solid tumours and several leading clinical oncology organizations have endorsed the use of GCs in a supportive-care role. While GCs generally support therapy of lymphoid tumour cells, some studies describe inhibition of cancer therapy in some cell lines of solid tumours (reviewed in ref. 4) . Concomitantly, concerns about the widespread use of GCs during therapy of solid tumours have been expressed repeatedly (5, 6) involving studies showing enhanced percentages of metastases in breast cancer patients (7, 8) or an increased risk of skin cancer and non-Hodgkin lymphomas among users of systemic GCs (9) . Remarkably, prospective randomized clinical trials evaluating any potential impact of GCs on tumour control have never been performed. Most importantly, it is not even known, whether GC-conferred resistance in solid tumours is a common or only an occasional problem.
We present a screening study of DEX-induced resistance in established and primary tumour cells from bone, brain, breast, cervix, melanoma and neuroblastoma. In the presence of cisplatin or 5-fluorouracil (5-FU), DEX substantially increased viability or inhibited apoptosis of most examined tumour cells of solid, but not of lymphoid, malignant diseases. Resistance induced by DEX was evaluated by a new statistical method, which has been exclusively designed by us for the definition of resistance. Using this method, we found significant resistance in 23 of 26 examined established carcinoma cell lines and in 1 of 2 examined freshly resected breast tumour specimens. These data on analysed primary and established cell lines represent an important reference database for those interested in the pharmacology of the GC/chemotherapy interaction and demonstrate the need for mechanistic and controlled clinical prospective studies.
Materials and methods
Established cell lines. Cell lines of the following origin of tumours or tumour types were used: bone: MG63, HOS, SAOS, HT1080; brain: HS683, H4, A172 (glioma), U-373-MG (glioblastoma/astrocytoma), TE671 (medulloblastoma); breast: BT-474, BT-20, Colo-824, MCF7, MDAMB-436; cervix: P5, CASKI, MRH-215, MRH-186, MRH-196; melanoma: HS695T, WM1341, WM98.1; neuroblastoma: IMR32, KELLY, SKN-SH, SHEP, IMR5; T cell leukemia: CEM. The cell lines were cultured as described in our recent studies (10) (11) (12) (13) (14) (15) .
Isolation of fresh breast tumour cells and TALs.
Breast tumours were resected, inspected by a pathologist, and the selected pieces containing at least 80% tumour cells were transported in Liforlab medium (Oncoscience, Wedel, Germany) to the laboratory. The fresh tissues were minced in RPMI medium supplemented with 20% heat-inactivated fetal bovine serum (Sigma, Deisenhofen, Germany), 25 mM HEPES, 2 mM Lglutamine and Pen/Strep (all from Gibco/Life Technologies, Paisley, UK) under sterile conditions, counted by trypan blue exclusion and immediately analyzed by the MTT-assay. TALs (tumour-associated lymphocytes) were derived from ascites of a patient with ovarian carcinoma, in the ascites there were tumour cells together with lymphocytes which were separated by Ficoll gradient centrifugation. Patient material was obtained under the approval of the ethics committee of the University of Heidelberg. Diagnoses were established by conventional clinical and histological criteria according to the World Health Organization (WHO). All surgical resections were indicated by principles and practice of oncological therapy.
Cytotoxic treatment. Stock solutions of cisplatin and 5-FU (Sigma) were prepared in DMSO. Gemcitabine (kindly provided by MSD, USA) was diluted in cell culture medium. Stock solutions of DEX (Sigma) were prepared in ethanol. Final concentrations of the solvents in medium were 0.01% or less.
Measurement of apoptosis. Cells were stained with fluoresceinthiocyanate (FITC)-conjugated annexin V (BD Biosciences, Heidelberg, Germany) and externalization of phosphatidylserine as well as the forward side scatter profile were identified by flow cytometry (FACScan, BD Biosciences) as described (10) .
MTT-assay. Tumour cells were resuspended at 5x10 4 -10 5 /ml in 96-well microplates, 100 μl per well. In detail, we used a concentration of 5x10 5 /ml for all established cell lines and most freshly isolated tumour cells except those from which only minimal amounts of tissue were available. However, using less than 5x10 5 cells/ml did not change the results but only prolonged the incubation time with the MTT-agent. After treatment, the MTT-assay was performed as described (16) .
Statistical analysis Surgical specimens. Each tumour probe was investigated in a 2-factorial design consisting of three doses of DEX (0.1 μM = DEX1, 1 μM = DEX2, 10 μM = DEX3) and a control and three doses of cytotoxic treatment and a control (=0) resulting in a total of 16 experimental conditions. Viability of the cells under each condition was determined as the mean of 3 to 8 replicates together with its standard deviation and then standardized on the result of the double control (no cytotoxic agent and no DEX applied); i.e. the viabilities of all conditions were divided by the mean of the double control. For each sample the standardized means were compared separately for each therapeutic dose and for the control by comparing the three DEX doses with its respective control (cytotoxic treatment alone). The four means (three DEX doses and control) under the condition of no therapy describe the effect of DEX alone while the other three sets of four means under the three doses of the therapeutic agent describe the resistance of the cells under treatment depending on DEX. We declared a DEX dose group as significant resistant when its mean minus one _ standard deviation (X j -SD j ) was still larger than the mean plus _ one standard deviation (X 0 + SD 0 ) of the respective control group of that tumour sample, j = 1, 2, 3 denoting the three dose groups receiving cytotoxic drugs. On this basis, scores were calculated per therapeutic dose (values 0, 1, 2, 3) as well as per surgical specimen in total (values ranging from 0 to 9). A tumour probe was declared as being significantly resistant to cytotoxic treatment when it showed a score of 2 for at least one drug dose or when it reached the total score of 5 out of a maximum of 9 per time point (i.e. >50%). The scores and definition of resistance have been exclusively designed for the present study by the Department of Biostatistics, German Cancer Research Center.
Established cell lines.
Corresponding to the analysis of patientderived tumour probes, cell lines were investigated in a 2-factorial design consisting of one dose of DEX (1 μM) and a control and three doses of cytotoxic treatment and a control resulting in a total of 8 experimental conditions. Resistance of the cells under each condition was determined as mean of 8 replicates (MTT-assay) or as mean of 6 replicates (apoptosis) as described above.
Results
DEX induces resistance towards chemotherapy in breast cancer cells. To evaluate whether DEX could protect breast cancer cells we freshly isolated tumour cells from surgical specimens of breast tissue from 2 patients. The histology of the tissue was inspected by a pathologist. DEX was pre-incubated in concentrations of 0.1, 1 and 10 μM from which the median concentration resembles peak plasma levels found in the clinical setting (17) (18) (19) . Cells were treated with three different concentrations of cisplatin 24 h after pre-incubation. After an additional 48 h, viability was measured and the MTT-data were normalized to untreated control cells. The statistical significance of DEX-induced resistance was analyzed (Table I , Fig. 1A ). While cytotoxic treatment strongly reduced viability, the presence of DEX enhanced viability significantly in patient 1. Enhanced viability was also found in patient 2 at higher cisplatin concentrations although the observed differences were not significant.
To further investigate DEX-induced resistance in breast cancer, we treated MCF7, MDAMB-436, BT-20, BT-474 and Colo-824 cells with 5-FU (Fig. 1B) or cisplatin (Fig. 1C) in the presence or absence of DEX which was pre-incubated prior to the addition of drugs. Apoptosis was detected by annexin-FITC 72 h after cytotoxic treatment followed by FACS-analysis. While cytotoxic drugs alone strongly induced apoptosis, the presence of DEX inhibited this effect in all cell lines examined. No induction of apoptosis occurred in untreated cells or cells treated with DEX alone. Considering the inhibited apoptosis we next analyzed whether DEX might influence the growth of breast carcinoma cell lines treated with cytotoxic drugs. The same set of cells was treated as described above and viability was detected by the MTT-assay. While 5-FU or cisplatin alone strongly reduced viability, the presence of DEX diminished the cytotoxic effect in all cell lines. Moreover, DEX alone enhanced basal viability and even lowered basal apoptosis in most cases. Significant induction of resistance was found in all five examined breast cancer cell lines (Table II) .
DEX induces resistance towards chemotherapy in cervical cancer cells.
To investigate whether DEX might interfere with chemotherapy of cervical carcinomas, CASKI, MRH186, MRH215 and MRH196 cells were treated with cisplatin ( Fig. 2) in the presence or absence of pre-incubated DEX. After 72 h, exposure of phosphatidylserine was analysed by flow cytometry and viability by the MTT-assay. While drugs alone strongly induced apoptosis and reduced viability, the presence of DEX inhibited these effects with statistical Table II.   Table I . DEX-induced resistance in primary cells from resected breast tumour specimens. ns  ------------------------------------------------- +, resistance; -, no resistance; s, significant; ns, not significant (for definition of significance see Materials and methods).
a Number of tumours in which significant DEX-mediated enhanced viability was found.
b Total number of tumours examined. Resistance/assay: a tumour probe per assay was defined to be resistant when at least 50% of cells showed enhanced viability in response to 0.1, 1 and 10 μM DEX compared to the respective control cells, this definition depends on the median numbers and is irrelevant of significance; a tumour was defined to be non-resistant when at least 50% of cells showed reduced or similar viability in response to 0.1, 1 and 10 μM DEX compared to the respective control cells, this definition depends on the median numbers and is irrelevant of significance. Resistance/ patient probe: depending on the results of several single assays performed per tumour, a particular tumour was defined to be resistant when the majority of the assays indicated resistance and at least one of the assays showed significant resistance. Figure 2 . DEX inhibits apoptosis and promotes proliferation in cervical cancer cells. CASKI, MRH186, MRH215 and MRH196 cervix carcinoma cell lines were pre-treated with DEX followed by the addition of cytotoxic drugs in the concentrations indicated. Cells and DEX-induced resistance were analyzed as described in Fig. 1. significance under all conditions (Table II) . Moreover, DEX alone enhanced basal viability and even lowered basal apoptosis in most cases.
DEX induces resistance towards chemotherapy in brain tumour cells.
To investigate whether DEX might interfere with the chemotherapy of brain tumour cells, A172, H4, HS683, U-373- Table II . Significance of DEX-induced resistance in established carcinoma cell lines.
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Cell line Assay Drug Significance b total number of cell lines examined. Resistance/assay: a cell line per assay and treatment was defined to be resistant when at least 50% of cells showed enhanced viability in response to 1 μM DEX compared to the respective control cells, this definition depends on the median numbers and is irrelevant of significance; a cell line per assay and treatment was defined to be non-resistant when >50% of cells showed reduced or equal viability in response to 1 μM DEX compared to the respective control cells, this definition depends on the median numbers and is irrelevant of significance. Resistance/cell line: depending on the results of several single assays performed per cell line, a particular cell line was defined to be resistant when the majority of the assays indicated resistance and at least one of the assays showed significant resistance. MG and TE671 cells were treated with cisplatin (Fig. 3) in the presence or absence of pre-incubated DEX. After 72 h, the exposure of phosphatidylserine was analysed by flow cytometry and viability by the MTT-assay. While drugs alone strongly induced apoptosis and reduced viability, the presence of DEX inhibited these effects with statistical significance under all conditions (Table II) . Moreover, DEX alone enhanced basal viability and even lowered basal apoptosis in most cases.
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DEX induces resistance towards chemotherapy in osteosarcoma cells.
To investigate whether DEX might interfere with the chemotherapy of osteosarcoma cells, SaOs, MG63, HT1080 and HOS cells were treated with cisplatin (Fig. 4) in the presence or absence of pre-incubated DEX. After 72 h, exposure of phosphatidylserine was analysed by flow cytometry and viability by the MTT-assay. While drugs alone strongly induced apoptosis and reduced viability, the presence of DEX inhibited these effects with statistical significance under all conditions (Table II) . Moreover, DEX alone enhanced basal viability and even lowered basal apoptosis in most cases.
DEX induces resistance towards chemotherapy in melanoma cells.
To investigate whether DEX might interfere with the chemotherapy of osteosarcoma cells, WT1314, WM.98.1 and HS695T cells were treated with cisplatin (Fig. 5) in the presence or absence of pre-incubated DEX. After 72 h, exposure of phosphatidylserine was analysed by flow cytometry and viability by the MTT-assay. While drugs alone strongly induced apoptosis and reduced viability, the presence of DEX inhibited these effects with statistical significance in WT13 and WM.98.1 cells (Table II) . DEX-reduced apoptosis and enhanced viability was also observed in HS695T cells, although it was not statistically significant. Also, and in contrast to the other carcinoma cells examined, DEX alone enhanced basal viability only in WM.98.1 cells and did not lower basal apoptosis in any case. . DEX inhibits apoptosis and promotes proliferation in bone tumour cells. SaOs, MG63, HOS (osteosarcoma) and HT1080 (fibrosarcoma) bone tumour cell lines were pre-treated with DEX followed by the addition of cytotoxic drugs in the concentrations indicated. Cells and DEX-induced resistance were analyzed as described in Fig. 1 . Figure 5 . DEX inhibits apoptosis and promotes proliferation in melanoma cells. WT1341, WM.98.1 and HS695T melanoma cell lines were pre-treated with DEX followed by the addition of cytotoxic drugs in the concentrations indicated. Cells and DEX-induced resistance were analyzed as described in Fig. 1 . Figure 6 . DEX inhibits apoptosis and promotes proliferation in neuroblastoma cells. IMR5, KELLY, SKNSH, SHEP and IMR32 cell lines were pre-treated with DEX followed by the addition of cytotoxic drugs in the concentrations indicated. Cells and DEX-induced resistance were analyzed as described in Fig. 1 . 
DEX induces resistance towards chemotherapy in neuroblastoma cells.
To investigate whether DEX might interfere with the chemotherapy of neuroblastoma cells, IMR5, KELLY, SKNSH, SHEP and IMR32 cells were treated with cisplatin or 5-FU (Fig. 6) in the presence or absence of pre-incubated DEX. After 72 h, the exposure of phosphatidylserine was analysed by flow cytometry and viability by the MTT-assay. While drugs alone strongly induced apoptosis and reduced viability, the presence of DEX inhibited these effects with statistical significance in KELLY, SKNSH and SHEP cells while the protective effect found in IMR5 and IMR32 cells was not significant (Table II) . However, DEX alone enhanced basal viability and even lowered basal apoptosis in most cases.
DEX acts pro-apoptotically in lymphoid cells. In contrast to the data obtained with carcinoma cells and as expected, DEX did not induce resistance in lymphoid cells but rather sensitized them to therapy as shown for the leukemic T cell line CEM (Fig. 7A ) and freshly isolated tumor-associated lymphocytes (TALs) from ascites of patients with ovarian cancer (Fig. 7B) . Thus, the present data suggest that GC-induced resistance toward cytotoxic therapy is not an exception but common to several types of solid tumours. Together, we found significant resistance in 1 of 2 examined fresh breast cancer specimens (Table I ) and in 23 of 26 examined established cell lines (Table II) 
Discussion
We report here, that DEX inhibits drug-induced apoptosis and promotes proliferation in several established and primary carcinoma cancer cells while the opposite effect occurs in lymphoid cells. These results suggest a cell type specific effect of GCs, since these agents are well known to be proapoptotic and anti-proliferative in mononuclear cells, especially lymphocytes (20) . 4) . In the presence of various anticancer agents, several GC derivatives, in various doses, such as betamethasone, dexamethasone, corticosterone, fluocinolone, hydrocortisone, methylprednisolone, prednisolone, and prednisone substantially increased viability or inhibited apoptosis, or both, of most tumour cells of solid, but not of lymphoid, malignant diseases (Herr I, unpublished data). GCs blocked the lethal signal delivered by cytotoxic drugs even if they were given several hours after induction of apoptosis by cytotoxic drugs. Moreover, resistance induced by a single treatment of established tumour cells with GCs lasted for up to 10 days before it started to decline, and resistance was noted at peak plasma concentrations and below (Herr I, unpublished data). Because low concentrations occur in patients after plasma concentrations of administered GCs decline, the issue of whether normal concentrations of GCs in the body could interfere with cancer treatment is raised. This point is answered by a retrospective study (21) showing an association between increased serum cortisol concentrations and high tumour grade in 211 consecutive patients with renal-cell carcinoma before starting treatment. Concentration of serum cortisol was significantly higher in patients with renal-cell carcinoma than in those with benign cysts. Serum cortisol concentration was associated with tumour diameter and grade, but not with disease stage. The outlook of patients with raised serum cortisol concentrations was worse than that of those with low concentrations. These findings with endogenous cortisol concentrations lend support to the in vitro and animal studies that showed co-treatment with GCs induced resistance to cancer. Furthermore, such findings necessitate assessment of the hypothalamic-pituitary adrenal axis in patients with malignant disease, and its possible effect on outlook.
GCs suppress the immune system, and many studies have shown that immunosuppression can exacerbate the metastatic process and accelerate tumour growth in animals (22) (23) (24) . Thus, downregulation of the immune system's attack on the tumour along with induction of resistance in solid tumour cells might contribute to the observed increased metastatic potential in patients with breast cancer who receive combination treatment with GCs and the increased risk of skin cancer and lymphoma in users of systemic GCs (7-9, reviewed in ref. 4 ).
In conclusion, our present data together with in vitro animal and several clinical studies suggest that GCs induce resistance of carcinomas to chemotherapy and radiotherapy. However, any conclusions drawn from these insufficiently controlled retrospective clinical trials and laboratory studies need to be confirmed by well-designed clinical trials.
